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INTRODUCTION
Trivalent Cr is an essential micro element for animals (Anderson, 1987; Offenbacher and Pi-Sunyer, 1988) . Since the first report on the essentiality of Cr in rats (Schwarz and Mertz, 1959) , the metabolic roles of Cr have been widely studied in humans and animals. In addition to insulin potentiation (Mertz et al., 1974) , Cr has been suggested to alleviate stress in animals and humans (Chang and Mowat, 1992; NRC, 1997) . The stressors existing in swine production systems include excessive cold or hot (relative to thermoneutrality) environmental temperature , microbial infection (Webel et al., 1997) , insufficient space allowance (Brumm and Miller, 1996; Wolter et al., 2000) , social mixing (Barnett et al., 1993) , and nutritional deficiency or imbalance (NRC, 1998) . These stressors may cause growth retardation, changes in hormone release, increased disease susceptibility, behavioral changes, or a combination of all these factors.
Dietary supplementation of Cr alleviated the detrimental effects of heat stress (Sahin et al., 2002a (Sahin et al., ,b, 2005 and cold stress (Sahin et al., 2001 (Sahin et al., , 2002c in poultry studies. However, few, if any, studies on dietary Cr supplementation in thermal-stressed swine have been conducted. Therefore, the purpose of the current research was to determine the effects of supplemental Cr on the pigs in thermoneutral or thermal stress environments.
MATERIALS AND METHODS
Three experiments were carried out in environmentally controlled rooms at the University of Kentucky. The experiments were conducted under protocols approved by the Institutional Animal Care and Use Committee of the University of Kentucky.
Exp. 1 (Heat Stress)-Animals and Treatments
In a 28-d experiment, a total of 54 crossbred weanling pigs with an average initial age of 19.7 d and BW of 5.95 ± 0.84 kg were used. Animals were allotted to a 2 × 3 factorial arrangement using 2 ambient temperatures (23.7 or 40.5°C during d 14 to 28) and 3 supplemental concentrations of dietary Cr (0, 1,000, or 2,000 µg/kg). Piglets were grouped into 3 blocks by sex and initial BW and randomly allotted to 6 treatment groups with 3 pigs/pen in a randomized complete block design, balanced for sex and ancestry using the Experimental Animal Allotment Program of Kim and Lindemann (2007) . Two males and 1 female were housed in each plastic-coated woven wire floored 1.2 × 1.2 m pen.
Each pen was equipped with a 4-hole, stainless-steel feeder, and a nipple waterer. The height of each nipple was adjusted weekly. Pigs had ad libitum access to feed and water.
The ambient temperature during d 0 to 14 was maintained in the thermoneutral zone, which was determined to be 27.2 to 32.1°C at d 0 and 23.3 to 27.2°C at d 14 for the size of pigs and condition of housing used herein. On d 14, the ambient temperature was changed to induce thermal stress, and the high temperature was maintained until the end of the experiment (Figure 1 ). The mean temperatures were calculated for each day, and the averages of daily mean temperature of neutral and hot rooms during d 14 to 28 were 23.7 and 40.5°C, respectively.
One male fed no supplemental Cr in neutral ambient temperature died during the first week. Two males in neutral temperature (NT)-1,000 µg/kg of Cr treatment were considered as outliers and removed from the data set because they gained less BW than 43% of their pen mates during the first 2 wk and during the last week, respectively. The feed intake of the remaining animals within those pens was estimated using the model developed by Lindemann and Kim (2007) . Briefly, the amount of feed utilized for maintenance of a pig for the period of interest was estimated using an equation modified from NRC (1998) as feed intake for maintenance, kg = (106 kcal × kg of BW 0.75 × d) ÷ ME concentration in the feed, kcal/kg.
Then, feed intake for maintenance for all pigs in the pen is summed. The difference between this sum and Daily maximum and minimum ambient temperatures in the neutral (squares) and hot (circles) rooms (Exp. 1). The ambient temperature during d 0 to 14 was maintained in the thermoneutral zone; on d 14 the ambient temperature of the hot room was changed to induce thermal stress, and the high temperature was maintained until the end of the experiment. The mean of maximum and minimum temperatures were calculated for each day, and the averages of the daily mean temperature of neutral and hot rooms during d 14 to 28 were 23.7 and 40.5°C, respectively. the total pen feed intake is that which supported growth in the pen. Next, individual feed intake for growth is calculated by apportioning the remaining feed equally to each kilogram of BW gain within the pen. Finally, the estimated feed intake for the pig being removed from the pen is the sum of feed intake for maintenance and feed intake for BW gain for that pig; this feed intake estimate is subtracted from the original pen feed intake to leave the new pen feed intake for the remaining pigs.
Exp. 2 and 3 (Cold Stress)-Animals and Treatments
In Exp. 2, a total of 54 pigs (initial age and BW of 20.4 d and 5.94 ± 1.29 kg, respectively) were housed in groups of 3 pigs/pen (2 male and 1 female) for a 26-d experimental period. In Exp. 3, a total of 36 pigs (initial age and BW of 20.0 d and 6.40 ± 0.72 kg, respectively) were housed in groups of 2 pigs/pen (1 male and 1 female) for a 28-d period. The treatment structure and other procedures of Exp. 2 and 3 were the same as Exp. 1.
During the first 14 d of the experiments, the environment was maintained at thermoneutrality as in Exp. 1. The average ambient temperatures of neutral and cold rooms were 26.5 and 16.0°C, respectively, during d 14 to 26 in Exp. 2 (Figure 2 ). The average ambient temperatures of neutral and cold rooms were 25.9 and 13.8°C, respectively, during d 14 to 28 in Exp. 3 (Figure 3) . The decreased critical temperature for the size of pigs, condition of housing, and feed intake observed from d 0 to 14 was calculated to be about 21°C based on data from Holmes and Close (1977) . Temperature was decreased in Exp. 3 to provide a greater degree of stress given a minimal response observed in Exp. 2.
In Exp. 2, one female in the low ambient temperature (LT), 2,000 µg/kg of Cr treatment was considered as an outlier and removed from the data set because this animal gained less BW than 48% of its pen mates throughout the experimental period.
Experimental Diets
The diets consisted primarily of corn, dehulled soybean meal, and dried whey supplemented with minerals and vitamins to meet or exceed NRC (1998) requirement estimates of AA, minerals, and vitamins (Table  1) . To minimize potential variation that can occur with multiple diet mixings, a single batch of basal diet was prepared. Approximately the first 5% and last 5% of the basal diet removed from the mixer was excluded in manufacturing the specific treatment diets. In Exp. 1 and 2, the treatment diets were made by adding Cr (0, 1,000, or 2,000 µg/kg) in the form of Cr(III) picolinate (CrPic) to the basal diet. In Exp. 3, a commercial product of CrPic (Chromax, Prince Agri Products Inc., Quincy, IL) was added to the basal diet at the expense of limestone, a carrier in Chromax. The organic form of trivalent Cr, CrPic, was used based on previous reports suggesting that Cr is more available as an organic chelate (Page et al., 1993) . Daily maximum and minimum ambient temperatures in the neutral (squares) and cold (triangles) rooms (Exp. 2). The ambient temperature during d 0 to 14 was maintained in the thermoneutral zone; on d 14 the ambient temperature of the cold room was changed to induce thermal stress, and the low temperature was maintained until the end of the experiment. The mean of maximum and minimum temperatures were calculated for each day, and the averages of the daily mean temperature of neutral and cold rooms during d 14 to 26 were 26.5 and 16.0°C, respectively.
Data and Sample Collection
Animal BW and feed intake were measured weekly. Blood samples were collected into 5-mL Vacutainer tubes (Becton, Dickinson and Company, Franklin Lakes, NJ) containing Na heparin from 2 pigs/pen (1 male and 1 female) via a jugular vein at 1400 h on d 15, 18, and 27 (25 in Exp. 2). These blood sampling dates were 1, 4, and 13 (11 in Exp. 2) d after the change of ambient temperature. The collected blood samples were kept on ice for approximately 1 to 2 h until the plasma was obtained by centrifugation of the blood at 800 × g and 4°C for 20 min. Plasma samples were stored at −20°C until the chemical assays. Respiratory rate was visually measured by counting flank movements over a period of 1 min in resting pigs. To facilitate the counting of respiration in resting pigs, respiratory rate was determined between 1930 and 2200 h. In Exp. 1, the respiratory rate was counted once for every pig by a single panelist on d 27; in Exp. 3, three panelists independently counted the respiratory rate on each of d 22 and 27, and mean counts of the 3 panelists were used for analysis.
Laboratory Analysis
The frozen plasma samples were allowed to thaw at room temperature for the chemical analysis. The glucose concentration in the plasma was analyzed using a glucose autoanalyzer (YSI 2300 STAT PLUS, Yellow Springs Instrument Co., Yellow Springs, OH). Samples were analyzed in duplicate, and the calibration was automatically performed every 30 min.
The cortisol concentrations in the plasma samples were determined using coated-tube radioimmunoassays from Diagnostic Products Corporation (Los Angeles, CA) following the manufacturer's instructions. Standards and plasma samples were added to antibodycoated tubes. Radiolabeled cortisol ( 125 I) was added to tubes and incubated for 45 min at 37°C using a water bath. Then, all moisture in the tube was thoroughly removed and the radioactivity was measured using a Packard Cobra Auto-gamma counter (Packard Instrument Co., Meriden, CT). Standards and samples were analyzed in triplicate and duplicate, respectively. A new set of standards was prepared and analyzed for each separate analysis. An average intraassay CV of 2.4% was observed for samples from Exp. 1 and of 2.2% in samples from Exp. 2 and 3 (which were analyzed together). The standard curve ranged from 0 to 500 ng/ mL with the least amount of active standard being 10 ng/mL. All samples in each experiment were analyzed on a single day.
Statistical Analysis
The experimental data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC). The Daily maximum and minimum ambient temperatures in the neutral (squares) and cold (triangles) rooms (Exp. 3). The ambient temperature during d 0 to 14 was maintained in the thermoneutral zone; on d 14 the ambient temperature of the cold room was changed to induce thermal stress, and the low temperature was maintained until the end of the experiment. The mean of maximum and minimum temperatures were calculated for each day, and the averages of the daily mean temperature of neutral and cold rooms during d 14 to 28 were 25.9 and 13.8°C, respectively. model for performance data from Exp. 1 (heat stress) included the 2 main effects (temperature and diet) and the interaction as fixed effects and block as a random effect. Data from Exp. 2 and Exp. 3 (both of which involved cold stress) were pooled; the statistical model included the additional random effects of experiment, block (experiment), experiment × temperature, experiment × diet, and experiment × temperature × diet.
Plasma cortisol and glucose data from Exp. 1 were analyzed as repeated measures using the MIXED procedure of SAS (Littell et al., 1998) . Fixed effects included day, temperature, diet, and all interactions. Appropriate covariance structures were chosen based on Akaike information criterion. The same random effects as in the pooled performance data were used for analyzing plasma variable data from Exp. 2 and Exp. 3. Respiratory rates in Exp. 1 were measured only once, and thus were analyzed using the same model as the performance data analysis. Respiratory rates in Exp. 3 were analyzed as repeated measures. In all analyses, pen was considered the experimental unit. The α level used for determination of statistical significance was 0.05.
RESULTS

Exp. 1: Heat Stress
Growth performance was affected by the high ambient temperature (HT), but not by supplemental Cr (Table 2 ). The BW of the pigs were unaffected by the treatments on d 7 and 14. The ambient temperature was changed on d 14 to induce thermal stress. During d 14 to 21, pigs in HT gained less BW (550 vs. 657 g/d; P < 0.001) and consumed less feed (858 vs. 1,017 g/d; P = 0.001) than pigs in NT. However, G:F was not affected by the thermal stress. During d 21 to 28, pigs in HT had less ADG (600 vs. 669 g; P = 0.020) and less ADFI (994 vs. 1,132 g; P = 0.009) than pigs in NT with no difference in G:F. During d 14 to 28, accordingly, HT resulted in decreased ADG (575 vs. 663 g; P < 0.001) and ADFI (926 vs. 1,074 g; P = 0.001) compared with NT, with G:F unaffected by heat stress (0.623 vs. 0.618 g/g; P = 0.702). As a consequence of the altered ADG, BW on d 21 and 28 were also less (P < 0.01) in HT than in NT. No effect of supplemental Cr on the growth performance was observed, and there were no interactions of supplemental Cr and temperature.
As shown in Table 3 , pigs in HT had decreased plasma cortisol concentration (42.0 vs. 53.7 ng/mL; P = 0.012) associated with an interaction between ambient temperature and dietary Cr supplementation (P = 0.011). Plasma glucose concentration was less in pigs in HT than the animals in NT (6.68 vs. 6.96 ng/mL; P = 0.018).
The respiratory rate measured on d 27 was greater (114.6 vs. 65.1 breaths/min; P < 0.001) in the pigs in HT than the pigs in the thermoneutral environment with no effects of dietary Cr supplementation (Table  3) .
Exp. 2 and 3: Cold Stress
Data from Exp. 2 and 3 were combined because both involved cold thermal stress (Table 4 ). The cold stress affected growth performance, but dietary Cr treatment had no effect on the growth of pigs. During the period of temperature stress, pigs in LT had decreased G:F (0.636 vs. 0.663 g/g; P = 0.001) compared with pigs in NT as a result of a tendency to have greater ADFI (1,026 vs. 942 g; P = 0.079). Blood measurements were not affected by the ambient temperature or the dietary Cr treatments (Table 5 ).
In Exp. 3, the respiratory rate was decreased (42.7 vs. 55.6 breaths/min; P < 0.001) in the pigs in LT compared with the pigs in NT with no effects of dietary Cr supplementation (Table 5 ).
DISCUSSION
Exp. 1: Heat Stress
Pigs in HT generally consume less feed in efforts to reduce body heat production from digestive and metabolic processes (Quiniou et al., 2000; Le Bellego et al., 2002) . The depression of BW gain is largely attributed to decreased feed intake. In the current study, feed in- take reduction and growth retardation by heat stress were clearly demonstrated, which is in agreement with previous reports Kerr et al., 2003) . In the present study, BW gain depression and feed intake reduction in pigs in HT were 14 and 13%, respectively. Stahly and Cromwell Table 2 . Effects of high ambient temperature (temp) and dietary chromium(III) picolinate (CrPic) supplementation (0, 1,000, or 2,000 µg/kg of Cr) on BW, feed intake, and G:F of pigs (Exp. 1) Table 4 . Effects of low ambient temperature (temp) and dietary chromium(III) picolinate (CrPic) supplementation (0, 1,000, or 2,000 µg/kg of Cr) on BW, feed intake, and G:F of pigs (pooled data of Exp. 2 and 3) The ambient temperature before d 14 was maintained in the thermoneutral zone. On d 14 the ambient temperature was changed to induce thermal stress, and the low temperature was maintained until the end of the experiment. The average ambient temperatures of neutral and cold rooms were 26.5 and 16.0°C, respectively, during d 14 to 26 in Exp. 2; 25.6 and 13.8°C, respectively, during d 14 to 28 in Exp. 3. Table 5 . Effects of low ambient temperature (temp) and dietary chromium(III) picolinate (CrPic) supplementation (0, 1,000, or 2,000 µg/kg of Cr) on plasma cortisol, plasma glucose, and respiratory rate of pigs (pooled data of Exp. 2 and 3) Each least squares mean represents 6 pens and 3 pens of 2 pigs/pen for plasma variables and respiratory rate, respectively.
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The ambient temperature before d 14 was maintained in the thermoneutral zone. On d 14 the ambient temperature was changed to induce thermal stress, and the low temperature was maintained until the end of the experiment. The average ambient temperatures of neutral and cold rooms were 26.5 and 16.0°C, respectively, during d 14 to 26 in Exp. 2; 25.6 and 13.8°C, respectively, during d 14 to 28 in Exp. 3. 3 Effects of day, day × temp, and day × temp × CrPic were significant (P = 0.013, 0.005, and 0.041, respectively). 4 The numbers in the parentheses represent the days after the initiation of the thermal stress in Exp. 2. The blood samples in Exp. 3 were collected on d 15 (1), 18 (4), and 27 (13), the numbers in the parentheses again representing the days after the initiation of the thermal stress.
5
Respiratory rate was measured in Exp. 3.
Effects of dietary chromium on thermal-stressed pigs (1979) observed an 18% reduction of feed intake and a 26% depression of BW gain in growing pigs reared in a hot environment (35°C) compared with pigs in a thermoneutral environment (23°C). The relatively large reduction of BW gain and feed intake may be related to the length of the experiment and BW of the pigs. In our study, the heat stress (40.5°C) lasted for 14 d with pigs of 12.0 kg of initial BW, whereas maintained the increased environmental temperature for 42 d with pigs of 27.5 kg of initial BW. This postulation is supported in the finishing pig trial at the same temperature (35°C). Body weight gain depression and feed intake reduction were 37 and 42%, respectively, in the pigs of 68.2 kg of initial BW. Quiniou et al. (2000) also suggested that heavier pigs are more sensitive to hot ambient temperature than lighter pigs.
Gain:feed ratio was not affected by HT in the present study. In agreement, others have reported minor increases (<1.5%) in feed:gain in pigs housed in high environmental temperature . However, observed a 10% increase in feed:gain in growing pigs housed in the 35°C compared with the pigs in 23°C. The degree of heat stress may partially explain these discrepancies because feed:gain increased by 18% in finishing pigs in 35°C environment compared with the 23°C environment. The changes in feed:gain in response to elevated environmental temperature may also be related to the degree of feed intake reduction (Kerr et al., 2003) . The less the feed intake, the more serious the nutrient deficiencies that may occur and the greater the potential feed:gain increases.
In multiple poultry studies, dietary supplementation of Cr ameliorated the detrimental effects of heat stress on growth and egg production performance (Sahin et al., 2002b (Sahin et al., , 2005 . Dietary supplementation of Cr at concentrations of 200 to 1,200 µg/kg linearly increased feed intake, BW gain, and egg production rate and improved feed:egg production of laying quail reared in HT (Sahin et al., 2002b) , and 400 µg/kg of dietary Cr supplementation increased BW gain and decreased feed:gain of heat-stressed quail by 4.2 and 2.4%, respectively (Sahin et al., 2005) . In the present study, however, we failed to find any effect of dietary Cr supplementation on the growth performance of pigs either in HT or in thermoneutral environment.
Circulating cortisol concentration was 22% less in pigs housed in HT compared with pigs in NT. In agreement, Marple et al. (1972) observed decreased plasma cortisol concentration in gilts exposed to heat stress (32°C) for 8 d. Similarly, Hicks et al. (1998) reported numerically decreased plasma cortisol concentrations in pigs exposed to heat stress. Decreased plasma cortisol in heat-stressed pigs has been confirmed in recent studies (Heo et al., 2005; Sutherland et al., 2006) . The decreased cortisol concentration in HT may be attributed to an increased turnover of plasma cortisol, decreased adrenal responsiveness to ACTH, or both (Marple et al., 1972) . Although the acute response of cortisol secretion was not assessed in the current study, Minton and Blecha (1990) reported that cortisol secretion was increased for 6 h in response to heat stress (35°C) and the secretion was returned to normal within 12 h in lambs. In an earlier report, an exposure to severe heat (45°C) and high humidity acutely (4 h) resulted in a rise of plasma corticosteroids and ACTH in pigs (Blatchford et al., 1972) . Thus, the potential changes of cortisol turnover rate and adrenal responsiveness to ACTH may be acute rather than chronic. In the present study, heat stress decreased plasma glucose concentration. The reduction of glucose concentration in the heat-stressed group is supported by decreased cortisol concentration in the same treatment group because circulating cortisol would stimulate gluconeogenesis (Kaneko, 1989) .
Dietary supplementation of Cr (200 to 1,200 µg/kg) as CrPic linearly decreased serum corticosterone concentration in heat-stressed laying quail (Sahin et al., 2002b) . However, in the present study, supplemental Cr had no effects on plasma cortisol concentration. In heat-stressed poultry, supplemental Cr decreased serum glucose concentration (Sahin et al., 2002b (Sahin et al., , 2005 .
In the current study, the respiratory rate was clearly elevated by heat stress. The increased respiratory rate of pigs in a hot environment has been demonstrated by many researchers (Quiniou and Noblet, 1999; Renaudeau et al., 2001 ). The evaporative heat loss via respiration in the HT is important for the maintenance of animal body temperature. The respiratory evaporation is even more important for swine which have a limited capacity of cutaneous evaporation (Ingram, 1965) . Additionally, pigs in a hot environment generally exhibit more recumbent behavior with increased respiratory rate and thus fewer feeding and standing periods in response to chronic (Morrow-Tesch et al., 1994) and acute (Hicks et al., 1998) heat stress treatments, which may also explain a portion of the effects of heat stress on feed intake.
Exp. 2 and 3: Cold Stress
Pigs in LT generally show increased feed intake and increased feed:gain Frank et al., 2003) . In the present study, ADFI was greater and G:F was less in pigs housed in LT than in NT. This is in agreement with who reported that growing pigs (28 to 60 kg of BW) in LT (10°C) consumed 15% more feed and had 19% greater feed:gain compared with pigs in a thermoneutral environment. A similar response was observed in weanling pigs (8.6 to 10.2 kg of BW) by Frank et al. (2003) . The increased feed consumption is used to compensate for the elevated maintenance needs for metabolic activity (Holmes and Close, 1977) . Accordingly, ADG was not affected by the LT in the present study and other reports Frank et al., 2003) . However, at an extremely LT, BW gain may be retarded by cold stress (Le Dividich, 1981) .
Dietary supplementation of Cr as CrPic increased BW gain, egg production, and decreased feed required for egg production of poultry in LT (Sahin et al., 2001 (Sahin et al., , 2002c . However, in the present study, we failed to observe beneficial effects of supplemental Cr on pigs in cold stress. This discrepancy may be attributed to the physiological differences between these species, the degree of cold stress, or both. Although the ambient temperature was below the thermoneutral zone, and the feed intake was increased by the cold stress, it may be that the degree of cold stress was affordable to the pigs by increasing feed intake. The LT (16.0 and 13.8°C in Exp. 2 and 3, respectively) used to induce cold stress was greater than the temperature (6.8°C) used in the poultry experiments (Sahin et al., 2001 (Sahin et al., , 2002c .
In a severe cold stress (−5 and −15°C), pigs had elevated plasma corticosteroids (Blatchford et al., 1972) . Frank et al. (2003) also reported that cold stress increased circulating cortisol concentrations in pigs. Pigs of 8.6 kg of BW in a cold environment (15.6°C) had greater (P < 0.001) serum ACTH (85.1 vs. 61.3 pg/ mL) and cortisol (39.1 vs. 24.1 ng/mL) than those in a thermoneutral environment (26.7°C). However, in the present study, plasma cortisol was only minimally affected and plasma glucose concentrations were unaffected by cold stress (16.0 and 13.8°C in Exp. 2 and 3, respectively).
The low temperature in Exp. 3 (13.8°C) resulted in a decrease of respiratory rate in the pigs in LT compared with those in NT. Although the cold stress in this study induced changes in growth performance and respiratory rate, the stress was perhaps not sufficient to induce changes in plasma cortisol or glucose. In laying hens kept in LT (6.8 or 6.9°C), supplemental Cr decreased plasma corticosteroid concentration (Sahin et al., 2001 (Sahin et al., , 2002c . It may be that the degree of stress in the present study was not severe enough to adequately test the degree to which it may be ameliorated by dietary Cr supplementation.
In conclusion, heat stress reduced feed intake, BW gain, and plasma cortisol, but increased respiratory rate. Cold-stressed pigs increased their feed intake and decreased G:F, but decreased respiration frequency. Additionally, stress alleviating effects of dietary Cr were not observed with either type of temperature stress.
